Russian samples of cod caught in the Barents Sea during November -February, the period of migration to the overwintering and spawning grounds, were re-analysed by grouping the maturity stages recorded in three classes: immature, ripening, and apparently mature fish, with gonads of uncertain status. When treated by age class and gender, these three classes were characterized by significant differences in size (length and weight) and condition (somatic and a liver index). Within an age group, the group with uncertain status was on average consistently larger than the ripening fish and the latter group was on average larger than the immature component. However, in terms of condition, fish of uncertain status resembled the immature fish. Males and females displayed very similar patterns, although the levels were consistently lower for the former. The patterns are consistent with the interpretation that the gonads of uncertain status represent non-reproductive, mature fish. At the population level, the percentage of mature fish that presumably skip spawning varied annually between 4 and 21%, but this has little effect on the perception of the overall development in spawning-stock biomass. No correlation was found between the non-reproductive fraction and environmental factors examined.
Introduction
Since 1959, Russian researchers have routinely used a visual method for classifying gonads according to various maturity stages of cod (Gadus morhua L.) sampled at sea (Ponomarenko et al., 1980; Yaragina, 1994, 1995) , whereas Norwegian researchers started to use similar visual cues in 1981, when regular acoustic trawl surveys began (ICES, 2001; Fotland et al., 1995) . The data obtained have demonstrated large variability in maturity-at-age by years. Norwegian and Russian surveys conducted in the Barents Sea and adjacent waters from 1981 on aimed at determining cod maturation rates over the entire area. The assessment of the spawning-stock biomass (SSB) of northeast Arctic cod has been based for many years on a constant knife-edge maturation at the age of 8 years, but in 2001, annual age-specific maturity ogives were introduced, based on actual survey data since 1982 (ICES, 2001 ). In addition, Norwegian presurvey data were revised using Gulland's (1964) method for individual cohorts and combined with the Russian maturity-at-age timeseries for 1946-1981. This revision resulted in a downward adjustment of the longterm mean SSB. However, the true stock reproductive potential might differ from a straightforward estimate of SSB (Marshall et al., 1998) . Different corrections (e.g. number of repeat spawners, maternal condition) have been proposed that might help to improve the proxies used in linking parent stock and subsequent recruitment under different environmental conditions. In addition, the potential of cod to skip spawning for one or more years after having reached maturity has received attention recently Burton et al., 1997; Skjaeraasen et al., 2009) . Hence, a possible improvement might be achieved by accounting for individuals not participating in the annual spawning event, although they had spawned in previous year(s) and are considered mature and part of the SSB.
In the cod database of the Polar Research Institute of Marine Fisheries and Oceanography (PINRO), mature specimens have been registered as being in a resting stage during the prespawning period, but these have been ignored so far in maturation analyses, because they did not fit the usual maturation cycle and were assumed to ripen later in the season. However, when observed during the prespawning period, this stage might represent fish associated with skipped spawning. Therefore, the database was re-queried for more detail about various biological parameters in relation to the visually determined gonad stages-including the uncertain reproductive status-to try to find support for this view and to determine whether there is any evidence of large variation in the proportion of northeast Arctic cod that skip spawning from year to year.
Cod are known to exhibit synchronous development of oocytes and to be batch-spawners (Murua and Saborido-Rey, 2003) . Usually, the development of gametes begins 4 -6 months before spawning. Because spawning of northeast Arctic cod lasts from late February to early May, with a peak in late March -early April (Ellertsen et al., 1984; Pedersen, 1984; Kjesbu, 1989 Kjesbu, , 1994 Sundby and Nakken, 2008) , the appropriate season for estimating the extent of skipped spawning would be from November to February. This 4-month period coincides with the extensive migrations from the feeding grounds in the Barents Sea to the overwintering and spawning grounds (Hjort, 1914; Maslov, 1944; Harden Jones, 1968) .
Material and methods

Maturity stages
Since 1959, PINRO scientists have implemented the maturity scales developed by Sorokin (1957 Sorokin ( , 1960 for macroscopic inspection of the gonadal development of males and females (Table 1) . In this scheme, stage II (which might last for several years) supposedly represents fish preparing for first spawning, whereas stage VI/II represents a resting stage for repeat spawners. However, an additional stage (II/VI) has been described by Oganesyan (1993) , who suggested that this stage represents mature fish that skip spawning, because this stage is mainly encountered during the period November-April, when other mature fish display clear signs of gonadal development. This stage has been used from 1994 on. However, because the implication of mature cod in resting condition at that time of year must be that these fish do not take part in reproduction, all fish registered as stages II/ VI and VI/II have been combined as representing mature fish that have spawned at least once, but apparently skip spawning during the current year. Consequently, three main groups were distinguished: i, immature fish (I and II); r, ripening fish (III through VI); and s, mature fish that skip spawning (VI/II and II/VI).
Samples
The data retrieved from the PINRO database included information on biological parameters of individuals belonging to the seven most abundant age classes (3-9 years old) with different maturity stages sampled in prespawning period from November to February during the seasons 1984/1985 to 2005/2006 . Data were combined by year class, and the age classes refer to the age of a cohort after 1 January. The samples were collected on board research vessels while conducting trawl and/or acoustic surveys of demersal fish stocks in three ICES Areas (Area I, Subdivisions IIa and IIb). In addition to macroscopic inspection of the gonads, the length and weight of all individual fish were determined, the liver was weighed separately, and otoliths were extracted for age determination. Table 2 provides general sampling information. Overall, 108 743 cod were available for the analysis, but sample availability varied annually by an order of magnitude, depending on abundance. Nearly 80% of the samples were collected in November and December, whereafter the large cod tended to leave the survey area. Consequently, fewer were caught in January and February. Males and females were approximately equally represented, but relatively more mature males (r + s) were caught and fewer males than females appeared to have skipped spawning. Most fish in age classes 3 -6 were immature and the fraction of the mature fish that apparently skipped spawning varied between 17 and 26% among age classes 5-9.
Analyses
Among the biological parameters assessed: length (L in cm), Sorokin (1957 Sorokin ( , 1960 with the later addition of stage II/VI (after Oganesyan, 1993 2034 N. A. Yaragina compared using t-tests for independent samples with unequal variances using STATISTICA 6.0 software (1984 -2004 .
Comparison of interannual variations in L, CF, and LCI by age group for two reproductive groups (i and r) were done for males and females separately, using Pearson's product moment correlation coefficient.
Numbers of cod at age as estimated by Extended Survivors Analysis, cod maturity ogives, and weight-at-age in the stock were taken from reports of the ICES Arctic fisheries working group (ICES, 2009) . The SSB was recalculated by subtracting the fraction of fish that did not participate in the upcoming spawning season [s/(r + s)] by age class (3-9) and year (Table 2), the fraction of immature fish (Ponomarenko and Yaragina, 1994) already being accounted for in the maturity ogives (ICES, 2009). The biomass of older age groups remained unchanged, because cod older than 9 years probably contributed little to the spawning stock numbers in these years (average 3.7% for 1985 ICES, 2009 The fraction of non-reproductive cod (s) among the mature fish (r + s) observed by season, gender, and age class is also given.
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To investigate whether environmental factors might cause variations in the extent of skipped spawning, the results were compared with estimates of capelin (Mallotus villosus) stock biomass (ICES, 2009 ) and the annual mean water temperature along the Kola section. This is based on monthly means along a transect located in the central part of the Barents Sea (33830 ′ E between 70830 ′ and 72830 ′ N) and represents the broad environmental conditions of the part of the Barents Sea dominated by Atlantic inflow Tereshchenko, 1996; (Ingvaldsen et al., 2003) .
Results
As a check on the decision to combine stages VI/II and II/VI, all biological attributes-at-age of the two groups were compared (Figure 1 ). Except for age group 9, for which relatively few samples were available, the standard errors did not indicate significant differences between the two groups.
The percentage of non-reproductive (s) cod among the mature component (r + s) in November-February during 1984 /1985 -2005 varied annually between 10 and 40% (Table 2) , but was generally higher among females (34%) than among males (13%). The percentage by age class was reasonably constant from age 5 on (17-26%), but with a slight increasing trend that could be explained by changes in the contribution of males and females to the different age groups.
Individuals 3 -9 years old with gonads in the three different reproductive phases exhibited significant differences regarding the three biological attributes examined (Figure 2) . The largest differences were found between immature (i) and ripening (r) fish, with the mature fish that skipped spawning (s) featuring in between (and generally closer to the i-component), except for the mean length where, surprisingly, the s-component scored highest up to age 8. However, the age-specific dynamics varied among attributes. Except for age 3, where the r-component scored much higher on average than the i-component (although the standard deviation was also high, because of the limited number of fish), the CF of the r-component was on average 8% higher than that of the i-component. The LCI increased substantially for all components, and from ages 3 to 5, but settled subsequently to constant values, with the r-component scoring generally up to 50% higher than the i-component, and the s-component generally scoring somewhat, but not significantly, higher than the i-component. The two genders demonstrated similar differences in biological parameters among the three reproductive groups observed for the entire population, as exemplified for age 7 (Figure 3) . Although females were generally larger, the differences in length between males and females within the same reproductive phase were not significant, but both males and females in the s-phase were larger than those in the r-phase, and these were again larger than those in the i-phase. The CF and LCI of males and females only differed significantly (p , 0.01 and , 0.05, respectively) among the s-component, with the values for females in this group lying between those for the r-and i-phase, whereas the value for males resembled the average of both sexes in the i-component.
Mean values in the biological parameters by age group varied considerably over the years, as exemplified by the LCI values of selected age groups for immature and mature cod (Figure 4) . Minima among most age groups were observed in 1986/1987, 1994/1995, and 2003/2004 , whereas maxima were more variable among age classes. Although the difference between immature and mature fish was significant for the most intensively sampled age class 7, the annual fluctuations largely followed the same pattern for all age classes .5, as indicated by the significant positive correlation between the two (Table 3) . For the CF, only the patterns for ages 5 -7 were significantly correlated.
The fraction of mature fish classified as skipping spawning in each year was significantly correlated among consecutive ages (Pearson's correlation coefficients: r 5 -6 ¼ 0.77, p , 0.001; r 6 -7 ¼ 0.74, p , 0.001; r 7 -8 ¼ 0.50, p ¼ 0.02; r 8 -9 ¼ 0.63, p , 0.001, n ¼ 22). The interannual variations in these fractions are illustrated for ages 5 -6 and ages 7 -9 separately (Figure 5a ). There appears to be autocorrelation in these data, suggesting some periodicity, but there was no significant correlation with possible predictors of the maturation process, such as food availability (approximated by the Barents Sea capelin SSB), or the average annual temperature along the Kola section (both lagged by 1 year; Figure 5b) . When applying the s/(s + r) ratios by age to the stock numbers assessed by ICES (2009), the estimated number of fish not participating in the upcoming spawning seasons ranged from 4 to 21% over the period, whereas the biomass of non-reproductive cod varied between 10 000 and 150 000 t (Figure 6a ). The increase in the percentage of non-reproductive, mature fish (in numbers) with an increase in the total biomass of mature fish (SSB) was only just significant (simple regression, r ¼ 0.42, p ¼ 0.05; Figure 6b ).
Discussion
Cod in stage VI/II, referred to by Sorokin (1957 Sorokin ( , 1960 as "resting" fish (particularly found during the period June-September), have been registered in the database during all years investigated. Only after the work of Oganesyan (1993) and Filina (2003) , were fish in stage II/VI also being recorded, identifying fish that were mature, but would not spawn during the forthcoming season. This phenomenon of skipped spawning was in earlier years assumed to be extremely rare, (Rollefsen, 1933 (Rollefsen, , 1935 Sivertsen, 1935; Glebov, 1963) .
The similarity in the biological parameters for stages II/VI and VI/II, as identified during the prespawning season before and after 1994, respectively, suggests that these two resting stages common at this time of year could be combined into a single stage representing mature fish that could not possibly reproduce during the Immature, ripening, and non-reproductive mature northeast Arctic cod forthcoming spawning season, because of the large lag in their development. Whether these fish failed to start the ripening process at the appropriate time for some reason, or alternatively that the process started at the appropriate required time, but the energy resources failed for the gonads to develop fully, remains uncertain.
The values of mean length, CF, and particularly LCI of ripening and immature fish were significantly different during this period.
The mean LCI values were 1.29 × higher in ripening cod than in immature ones. The energy reserves stored in the liver of cod are needed for their extensive migrations to the overwintering and spawning grounds, covering more than 800-1000 nautical miles (Harden Jones, 1968) from the Barents Sea to the Lofoten area, as well as for further ripening during their stay on the spawning grounds. Therefore, it seems likely that the condition in general and the energy content of the liver in particular will affect the chance of becoming mature. Such differences between immature and ripening fish are not novel and have been reported for various species, including cod (Tomkiewicz et al., 2003) . However, accurate data on mean weight-at-age of ripe individuals, instead of average weight-at-age irrespective of maturity stage as used currently in stock assessments, could help in producing more accurate estimates of SSB.
The specimens classified as being non-reproductive and skipping spawning during the upcoming season were on average larger than both the immature and the ripening fish within the same age class, but their somatic condition and the energy stored in their liver were close to the values observed in the immature fish. Although females were on average larger and in slightly better condition than males, the differences in L, CF, and LCI by age class and maturity stage between genders were generally not significant, except those for CF (p , 0.01) and LCI (p , 0.05). It is surprising that non-reproducing mature fish were on average significantly larger than ripening fish, although the difference was not big (3 -8%). This might point to some form of adaptation regarding life-history traits (Jørgensen et al., 2006) , where fish in poor condition invest in growth rather than gamete development. Alternatively, ripening fish within an age group include both recruit and repeat spawners, whereas mature fish skipping spawning must at least have spawned once before and their size might match the repeat spawners of the same cohort.
Although the estimates of non-reproductive fish among the mature biomass varied between 4 and 21%, this did not have a major effect on the perception of the development of SSB compared with the estimates used by ICES (2009), which assume that all mature fish contribute to the egg production. Therefore, it might not influence the reference points of the stock to a large extent, though this conclusion should be verified. Nevertheless, stock assessment should provide a picture of the SSB as close to reality as possible in the context of providing reliable advice. For example, failure to recognize the non-spawning portion of adult cod biomass in Newfoundland resulted in overestimates of total annual egg production between 1999 and 2004 by 8 -41% (Rideout et al., 2006) .
Mass fractions of mature fish that skipped spawning during a season (up to 30 -40%) have been reported for various cod populations in the Northwest Atlantic (Walsh et al., 1986; Burton et al., 1997; . Evidence has been presented also for northeast Arctic cod in the late 1980s, which was attributed to the collapse of the capelin stock (Marshall et al., 1998) . In contrast, atresia has not been observed en masse in Baltic cod (Kraus et al., 2002) . Experimental work on captive fish has demonstrated that skipped spawning is very influenced by individual energy reserves (Skjaeraasen et al., 2009) . This is supported by the data presented here, which suggest that gamete development could be interrupted by a poor liver condition especially (Figure 2) .
The cod population in the Barents Sea exhibited intermediate values of skipped spawning, for both males and females. The smaller fraction of males involved might be linked with the lower energetic requirements for spermatogenesis than for oogenesis, although this should be offset by a greater expenditure in mating behaviour and staying longer on spawning grounds, because after all, males grow slightly slower. In Northwest Atlantic cod, 9% of the males and 28% of females were reported to have skipped spawning . Skjaeraasen et al. (2009) recorded only 1 out of 64 males and 4 out of 22 females as "skippers" in their experimental setup, although the males had less energy reserves than the females. There was no relationship between the non-reproductive fraction and capelin SSB, nor with the temperature regime in the Barents Sea (both lagged by 1 year). In other words, the environmental conditions associated with skipped spawning are not fully understood and, for predictive purposes, this issue is of great importance. Perhaps we have to search for links that are more specific, for instance, a seasonal instead of an annual index coinciding with a critical period when a physiological "decision" is taken to have the gonads develop, or not. Such a critical period appears to exist for winter flounder Pseudopleuronectes americanus (Burton, 1994) and Atlantic salmon Salmo salar (Thorpe, 1994; Thorpe et al., 1998) . The condition at the time of sampling might not reflect the condition during this critical period. Other problems might result from bias in visual determination of the maturation stages (Kjesbu, 2009) . Rideout et al. (2005) described possible mechanisms involved, dividing females into retaining, reabsorbing, and resting individuals. Retaining means that eggs have developed, but are not shed owing to pollution, stress, or lack of mates ("stone roe"; Tomkiewicz et al., 2003) , reabsorbing refers to vitellogenic oocytes being broken down before spawning (atresia), and resting females do not even start vitellogenesis. Skjaeraasen et al. (2009) proved experimentally that female "skippers" were either resting or early reabsorbing specimens, but did not find indications of mass atresia of yolk granules. Therefore, the conclusion must be that most females "decide" to skip spawning well ahead of the spawning season.
Northeast Arctic cod mature relatively late in life (Lambert et al., 2003; Brander, 2005) , with the bulk maturing at ages 7 -8 within an age range of 3 -12 (Glebov, 1963; Jørgensen, 1990; Ponomarenko and Yaragina, 1994; Aijad et al., 1999; ICES, 2009) , depending on growth, condition, energy reserves stored, ambient temperature experienced over a broad geographic area. Similar variations appear to apply to the fractions that skip spawning. Within the age range for which data are available, older cod (ages 8 -9) displayed, on average, higher fractions of nonreproductive individuals, though the variability is considerable (Figure 5a ). The variability might be associated with the nutritional conditions in the Barents Sea depending on the large fluctuations in forage fish availability (Livingston and Tjelmeland, 2000; Gjøsaeter et al., 2009) , but large cod do appear more dependent on capelin in achieving the high LCI values required for reproduction than small cod (Yaragina and Marshall, 2000) . In Solea solea, interruptions in gamete development have been more common among younger fish (Ramsay and Witthames, 1996) , whereas in Atlantic herring (Clupea harengus) skipped spawning appeared to be most common among potential second-time spawners (Engelhard and Heino, 2005) .
A major remaining problem is whether the samples taken during the surveys are representative of the spawning population. The migration pattern of non-reproducing fish has not been fully evaluated. Woodhead (1959) assumed that immature cod migrate together with mature cod to experience a "dummy run"; so skipped spawners might be assumed to do the same. However, there is some evidence that non-reproducing fish overwinter in the Barents Sea (Oganesyan, 1993; Skjaeraasen et al., 2009) . Moreover, females with non-maturing gonads have been largely absent from the long-term fecundity time-series collected at Lofoten (Kjesbu et al., 1996; Thorsen et al., 2006) . Therefore, to estimate the numbers of fish actually skipping spawning yearly, additional data on their seasonal movement and spatial distribution are required. Specifically, it would be desirable to integrate the Russian data on skipped spawning with available Norwegian data on the spawning stock, analogous to the combined Norwegian-Russian maturity ogives used in stock assessment (ICES, 2001 (ICES, , 2009 , to avoid overestimating the number of fish with non-reproductive status.
Finally, several maturity-stage scales are in circulation (Sivertsen, 1935; Sorokin, 1957 Sorokin, , 1960 Shirokova, 1977; Templeman et al., 1978; Kjesbu, 1991; Fotland et al., 1995; Tomkiewicz et al., 2003) , each using different coding systems and number of stages, depending on research tasks or problems to be solved, as well as historical commitments and/or personal preferences of institutions where the investigations have been conducted. The descriptions of the maturity stages adopted are not widely available (usually as manuals written in various languages), resulting in difficulties in comparing maturity status among institutions. In practice, reproductive status can often only be determined from macroscopic inspection of the gonads. Of course, histological analyses could provide a more precise evaluation, but these are difficult to implement during surveys and less timeconsuming and equipment-dependent methods remain in use. Therefore, more standardization of the scales in use, preferably backed up by histological techniques, is needed to improve intercomparison of future sampling of maturity data. Regarding nonreproductive fish, this applies particularly to males. The time to complete spermatogenesis appears shorter than to complete oogenesis , and established that testes of fish labelled as non-reproductive in the prespawning season could ripen in time to spawn.
The ultimate challenge is to forecast in advance each year the probability of spawning of all fish in the population each year. A "currently active" spawning stock might be defined that excludes the mature part of the population expected to skip spawning. In cases of large fluctuations in non-reproductive components of the mature biomass, historical adjustments to SSBs could improve our perception of underlying stock -recruitment relationships and result in more dependable recommendations on fishery management, including stock recovery.
